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ABSTRACT
The discovery of ‘Oumuamua and CNEOS 2014-01-08 allowed for a calibration of the impact rate
of interstellar objects. We propose a new telescope in lunar orbit to study in real-time interstellar
meteoroid impacts and to serve as a laboratory for hypervelocity collisions. We show that a telescope
with diameter Da & 2 m would be capable of detecting & 1 interstellar meteoroid impacts (among
hundreds of Solar System meteoroid impacts) per year. For each meteoroid, measurements of the
reflected sunlight and shadow, as well as the impact’s optical flash and crater, would allow for the
determination of the 3D velocity, mass, density, and composition, as well as the radiative efficiency.
Keywords: Minor planets, asteroids: general – Moon – meteorites, meteors, meteoroids
1. INTRODUCTION
‘Oumuamua was the first interstellar object detected
in the Solar System (Meech et al. 2017; Micheli et al.
2018). Several follow-up studies of ‘Oumuamua were
conducted to better understand its origin and composi-
tion (Bannister et al. 2017; Gaidos et al. 2017; Jewitt
et al. 2017; Mamajek 2017; Ye et al. 2017; Bolin et al.
2017; Fitzsimmons et al. 2018; Trilling et al. 2018; Bialy
& Loeb 2018; Hoang et al. 2018; Siraj & Loeb 2019a,b;
Seligman et al. 2019). ‘Oumuamua’s size was estimated
to be 20m - 200m, based on Spitzer Space Telescope
constraints on its infrared emission given its expected
surface temperature based on its orbit (Trilling et al.
2018).
CNEOS 2014-01-08 (Siraj & Loeb 2019c) is tentatively
the first interstellar meteor discovered larger than dust
(Baggaley et al. 1993; Hajdukova 1994; Taylor et al.
1996; Baggaley 2000; Mathews et al. 1998; Meisel et al.
2002a,b; Weryk & Brown 2004; Afanasiev et al. 2007;
Musci et al. 2012; Engelhardt et al. 2017; Hajdukova
et al. 2018), allowing for a calibration of the local flux
of such objects. Whereas on Earth small meteoroids
burn up high in the atmosphere, on the Moon they di-
rectly impact the surface, generating bright flashes of
light and craters (Rubio et al. 2000; Burhcell et al. 2010;
Goel et al. 2015; Ortiz et al. 2015, 2016; Avdellidou &
Vaubaillon 2019).
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In this paper, we propose a mission dedicated to the
discovery and characterization of interstellar impacts on
the Moon. We show that a lunar satellite equipped with
a telescope to monitor such events in real time could
allow for precise velocity, mass, and density determina-
tion of interstellar objects. Immediate follow-up spec-
troscopy as well as exploration of the resulting craters
could reveal detailed composition of the impactors. Such
data would calibrate population parameters for inter-
stellar objects crucial for constraining theories of plan-
etary formation and for assessing the habitability of
exoplanets (Duncan et al. 1987; Charnoz & Morbidelli
2003; Veras et al. 2011, 2014; Pfalzner et al. 2015; Do
et al. 2018; Raymond et al. 2018; Hands et al. 2019;
Pfalzner & Bannister 2019; Siraj & Loeb 2019e), as well
as the search for the building blocks of extraterrestrial
life (Lingam & Loeb 2019). Such a satellite could also
serve as a laboratory for hypervelocity impacts (Rubio
et al. 2000; Drolshagen 2001; Burhcell et al. 2010; Ortiz
et al. 2015, 2016; Goel et al. 2015; Sachse et al. 2015;
Avdellidou & Vaubaillon 2019), constraining physical
processes difficult to replicate on Earth.
The outline of the paper is as follows. In Section 2, we
explore the detectable impact rate (2.1), as well as the
relevant processes for 3D velocity determination (2.2),
cratering (2.3), and optical flashes (2.4). In Section 3
we report our results, and in Section 4 we discuss the
implications of these results.
2. METHOD
2.1. Detectable Impact Rate
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Figure 1. The telescope’s orbit is indicated by the dashed
line at an altitude h, with z being its distance from a point
of interest on the lunar surface at a lunar latitude separation
φ, requiring the telescope to be capable of viewing out to an
angle of γ in any direction. The angles φmax and γmax are
associated with the furthest visible point on the moon from
the telescope.
Throughout this paper we consider a satellite orbit-
ing at altitude h = 100 km above the lunar surface,
equipped with a telescope with aperture diameter Da.
The corresponding diffraction-limited spatial resolution
∆l at visible wavelengths, λ ∼ 500 nm, on the lunar
surface at a distance z away from the satellite is,
∆l ≈ 6× 10−2
(
Da
1 m
)−1 ( z
1 km
)
cm . (1)
Given that CNEOS 2014-01-08 implies an Earth im-
pact rate of ∼ 0.1 yr−1 for interstellar meteoroids of size
d ∼ 1 m (Siraj & Loeb 2019c) and that the power law
exponent for the cumulative size distributions of inter-
stellar meteoroids is ∼ 3.4 (Siraj & Loeb 2019d; Musci
et al. 2012; Landgraf et al. 2000), we estimate the im-
pact rate of centimeter-scale meteoroids with diameter
d on the moon to be,
n˙ ∼ 4× 10−3
(
d
1 cm
)−3.4
km−2 yr−1 . (2)
Substituting the dependence of the spatial resolution
on aperture size and distance, we derive the impact rate,
n˙ ∼ 60
(
Da
1 m
)3.4 ( z
1 km
)−3.4
km−2 yr−1 . (3)
We adopt the setup illustrated in Figure 1, in
which the field-of-view (FOV) of the satellite is rep-
resented by the solid angle 2γ and the visible frac-
tion of the lunar surface is represented by the angle
2φ = 2 tan−1
(
R sin γ/2
R+h−R cos γ/2
)
. For altitude h = 100 km,
γmax ≈ 0.33 rad and φmax ≈ 1.24 rad,1 the total rate of
detectable impacts as a function of γ is,
N˙ ∼
∫ 2pi
0
∫ tan−1( R sin γ/2R+h−R cos γ/2 )
0
n˙ R2 sinφ dφ dθ , (4)
where the radius of the Moon R ≈ 1700 km, and,
z =
√
R sin(φ)2 + (R+ h−R cos(φ))2 . (5)
2.2. Velocity Determination
The speed and direction of the meteoroid are com-
puted by tracking the changes in position as a function
of time for both the meteoroid and its shadow on the
lunar surface prior to impact. While this technique re-
quires the Sun to be shining on the area of interest, it
should reliably produce provide the 3D velocity of the
meteoroid, which is usually impossible to measure with
a single telescope. Since interstellar objects travel at
several tens of km s−1, and the telescope is located at
an altitude of h = 100 km, a typical crossing time of the
object’s size is a few seconds. The approach would be to
subtract frames and only search for time-dependent fea-
tures in the image (reducing the amount of data stored).
The length of the streaks on the subtracted frames will
indicate the meteoroid’s velocity and the width of the
streaks will indicate its size.
Although Eq. (1) guarantees that the spatial resolu-
tion of the telescope is sufficient to detect a meteoroid
prior to impact, we must check that the signal from the
meteoroid is sufficiently strong. The following order-of-
magnitude calculation applies to detecting the shadow
of the passing meteoroid.
The Solar flux is ∼ 1018 photons cm−2 s−1, and since
the Moon’s albedo is ∼ 10%, we take the flux from
the Moon’s surface to be 1017 photons s−1. The rate
of photons received by a telescope with a collecting area
of ∼ 104 cm2 at a distance of 107 cm from an area A
is 106(A/cm2) photons s−1. A meteoroid with speed
∼ 50 km s−1 at an angle of ∼ 45◦ has an apparent speed
of ∼ 35 km s−1, and its shadow blocks a region of area A
for 3×10−7 √(A/cm2) s. Therefore the number of pho-
tons blocked by the meteoroid’s shadow for each region
of area A is ∼ 0.3 ( A1 cm2 )3/2 photons.
For example, a meteoroid of diameter d ∼ 4 cm would
block ∼ 10 photons over each region of area A ∼ 10 cm2
for a period of ∼ 10−6 s. Assuming a read-out noise2
1 The angles associated with the furthest visible point on the
moon from the telescope, as indicated in Figure 1.
2 Comparable to the read-out rates of the upcoming Large Syn-
optic Survey Telescope and Hubble Space Telescope’s Advanced
Camera for Surveys.
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of ∼ 5 e−, a frame rate of ∼ 106 s−1 would allow for
S/N ∼ 2 for each area of blocked light. Similarly, as
long as an object’s albedo is different from that of the
lunar surface, one could directly detect its reflected sun-
light. Surface color and albedo of interstellar objects
are likely to be different from the surface of the Moon
as interstellar objects are exposed to interstellar space
and not protected by the Solar wind. Furthermore, the
curvature of the interstellar objects’ surfaces will cause
them to reflect light differently than the lunar surface.
2.3. Cratering
After a meteoroid detection, the frame rate can be
automatically slowed down to an appropriate pace to
discern the diameter of the resulting crater.
Crater diameter Dc as a function of regolith density
ρr, meteoroid density ρm, meteoroid energy E, and im-
pact angle θ for meteoroids smaller than ∼ 100 m is
estimated by Gault (1974) and Melosh (1989), and uti-
lized by Suggs et al. (2014) and Ortiz et al. (2015) for
lunar impacts, as,
Dc ≈ 3.8 m
(
ρm
1 g cm−3
)1/6(
ρr
1 g cm−3
)−1/2
(
E
1015 ergs
)0.29
sin(θ)1/3 .
(6)
We can solve the above expression to find the mete-
oroid density ρm as a function of the other parameters,
ρm ≈ 1 g cm−3
(
d
5.4 cm
)−5.22 ( v
50 km s−1
)−3.48
(
Dc
3.8 m
)6(
ρr
1 g cm−3
)3
sin(θ)−2 ,
(7)
where v is the impact speed.
2.4. Optical Flashes
Meteoroid impacts on the Moon give rise to optical
flashes that last for tens of milliseconds, with energy
equal to ζE, where E is the kinetic energy of the me-
teoroid and ζ is the luminous efficiency (Avdellidou &
Vaubaillon 2019). The luminous efficiency of hyperve-
locity impacts is an active field of research (Rubio et al.
2000; Goel et al. 2015; Ortiz et al. 2015, 2016; Avdelli-
dou & Vaubaillon 2019). Since the kinetic energy is con-
strained by the crater size, we can derive the luminous
efficiency of the impact by comparing the computed ki-
netic energy and the observed energy of the optical flash.
A standard scientific camera with a frame rate of ∼
103 s−1 can easily measure the optical flash from the
Figure 2. Expected interstellar impact rate as a function of
telescope aperture diameter and field of view.
Figure 3. Relative crater size as a function of impact speed
for several different impact angles.
satellite’s orbit. Assuming ζ ∼ 10−3 (Ortiz et al. 2015),
ρm ∼ 2 g cm−3, d ∼ 4 cm, and emitting area ∼ 104 cm2,
the optical flash is several ∼ 104 times brighter than
reflected sunlight from the lunar surface.
Spectroscopy of resulting gas plumes potentially re-
veal the compositions of meteoroids. Isotope ratios can
be used to determine if the origin is from the Solar Sys-
tem (Lingam & Loeb 2019).
3. RESULTS
Figure 2 shows the expected interstellar impact rate
for a telescope in orbit 100 km above the lunar surface,
calibrated based on CNEOS 2014-01-08 (Siraj & Loeb
2019c,d). A telescope with an aperture diameter of size
Da & 2 m and maximal FOV (∼ 4.9 str) is expected to
observe & 1 interstellar meteoroid impact per year.
Figure 3 shows the relative crater size as at various ve-
locities and impact angles, indicating that the resulting
craters should be easily detectable on the lunar surface.
4. DISCUSSION
We have found that a telescope in lunar orbit with
diameter Da & 2 m would be capable of detecting
∼ 1 interstellar meteoroid impact per year. For each
meteoroid, measurements of the reflected sunlight and
4shadow, as well as the resulting optical flash and crater,
would allow for the determination of velocity, mass, den-
sity, radiative efficiency, and composition. It is impor-
tant to note that the interstellar number density calibra-
tion is based upon a single detection of CNEOS 2014-
01-08, and therefore the appropriate Poisson statistics
apply. The 95% confidence bounds for an estimate of
∼ 1 yr−1 are 0.03− 5.57 yr−1.
Meteoroids with known velocities and directions, such
as those associated with meteor showers (Rubio et al.
2000; Ortiz et al. 2015; Avdellidou & Vaubaillon 2019),
can help calibrate the system.
Non-interstellar meteoroids outnumber interstellar
ones by a factor of nearly ∼ 103 in the centimeter-size
scale (Zolensky 2006), so a Da ∼ 2 m telescope that is
capable of detecting a single interstellar meteoroid im-
pact per year should detect at least one non-interstellar
meteoroid per day. This provides the opportunity to
study hypervelocity impacts on a daily basis, constrain-
ing the associated cratering and radiative processes
(Rubio et al. 2000; Drolshagen 2001; Burhcell et al.
2010; Ortiz et al. 2015, 2016; Goel et al. 2015; Sachse
et al. 2015; Avdellidou & Vaubaillon 2019). In addi-
tion, follow-up studies of fresh craters can be performed
by lunar rovers, revealing the physics of hypervelocity
impacts as well as the composition of the meteoroid in
more detail.
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